New approaches to increase the efficiency of non-viral gene delivery are still required. Here we report a simple approach that enhances gene delivery using permanent and pulsating magnetic fields. DNA plasmids and novel DNA fragments (PCR products) containing sequence encoding for green fluorescent protein were coupled to polyethylenimine coated superparamagnetic nanoparticles (SPIONs). The complexes were added to cells that were subsequently exposed to permanent and pulsating magnetic fields. Presence of these magnetic fields significantly increased the transfection efficiency 40 times more than in cells not exposed to the magnetic field. The transfection efficiency was highest when the nanoparticles were sedimented on the permanent magnet before the application of the pulsating field, both for small (50 nm) and large (200-250 nm) nanoparticles. The highly efficient gene transfer already within 5 min shows that this technique is a powerful tool for future in vivo studies, where rapid gene delivery is required before systemic clearance or filtration of the gene vectors occurs.
INTRODUCTION
Non-viral gene vectors such as cationic polymers, are less immunogenic, can be mass produced, easily shipped and targeted to organs effectively (1, 2) . Among the non-viral vectors, polyethylenimines (PEI) are known to exhibit efficient transfection properties both in vitro and in vivo owing to their ability to condense DNA and RNA into stable complexes, polyplex, via electrostatic interactions. Polyplex formation protects RNA and DNA from degradation by enzymes (1, (3) (4) (5) (6) . The nucleotide/polymer polyplexes are taken up into the cells via receptor-mediated endocytosis into the endosomes. PEI apparently induces a massive proton accumulation in the endosomes followed by passive chloride influx leading to osmotic swelling of the endosomes (proton sponge effect). Finally endosomes burst releasing detectable fraction of polyplexes into the cytoplasm and the DNA translocates into the nucleus (6) (7) (8) . PEI also easily associates with superparamagnetic iron oxide nanoparticles (SPIONs), which is an added advantage in delivery, since their combination with magnets can draw particles to a desired location and keep them at a specific site. The uptake of DNA/SPIONs complexes into the cells is by unspecific endocytosis similar to that of DNA/PEI polyplexes (8) .
The coupling of magnetic nanoparticles to gene vectors in presence of static (permanent) magnets (magnetofectionÔ) has been shown to result in dramatic increase in transfection efficiency of reporter genes when compared with conventional transfection system (8) (9) (10) (11) ; however, the transfection rates of PEI-based vectors have been shown to be lower than those with viral gene vectors (12) . In order to maximize the transfection efficiencies, the DNA entry into the cells and the nuclear uptake of the DNA for its expression has to be enhanced. The cellular uptake, endocytosis and cytoplasmic movement of smaller polyplexes (<150-200 nm) have been shown to be higher than larger ones (13, 14) . We thus synthesized smaller (50 nm) SPIONs since the particles used previously were larger with an average size of 200 nm. We then explored the effect of a pulsating magnetic field, in which alternating horizontal, perpendicular and oscillating movements of the magnetic particles are induced, on the transfection efficiency with the 50 nm SPIONs and larger (200-250 nm) commercially available polyMAG nanoparticles. The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oxfordjournals.org
The nuclear uptake of DNA is dependent on the size of DNA, and shorter DNA fragments are easily transported across the nuclear pores by diffusion, whereas plasmids tend to remain in the cytoplasm (15) (16) (17) . We generated novel shorter, 1.6 kb, DNA fragments (PCR products) whose sequence included only the GFP gene, 5 0 human cytomegalovirus (CMV) immediate early promoter and 3 0 SV40 early mRNA polyadenylation signal, eliminating the requirement of biotin-streptavidin binding (18) . The PCR products were used for transfection in presence of pulsating and static magnetic fields. Our study demonstrated for the first time that the use of magnets also enhances the transfection of PCR products containing only the gene of interest. The application of a pulsating magnetic field proved to be a powerful tool for the enhancement of gene delivery, already within 5 min after exposure to magnetic field.
MATERIALS AND METHODS

Coating of superparamagnetic iron oxide nanoparticles
SPIONs were prepared by alkaline co-precipitation of ferric and ferrous chlorides in aqueous solution as described previously (19) . Briefly, solutions of FeCl 3 ·6H 2 O (0.086 M) and FeCl 2 ·4H 2 O (0.043 M) were mixed and precipitated with concentrated ammonia while stirring vigorously. The black precipitate, which immediately formed was washed several times with ultra-pure water until the pH decreased from 10 to 7. The solid was collected and refluxed in a mixture of 0.8 M nitric acid and 0.21 M aqueous Fe(NO 3 ) 3 ·9H 2 O for 1 h. During this step the initial black slurry turned brown and the formation of nitric oxide could be observed. The system was allowed to cool to room temperature, the remaining liquid was discarded, and 100 ml of ultra-pure water was added to the slurry mixture, which immediately dispersed. The brown suspension was dialyzed for 2 days against 0.01 M nitric acid, and stored at 4 C. Aqueous colloidal dispersions of SPIONs coated with 25 kDa PEI (Aldrich) with an average size of 50 nm were prepared according to the following procedure. A PEI solution (20% w/w) was prepared and 0.1 ml of this solution was added to 0.9 ml of standard iron oxide dispersion (iron content 10.6 mg iron/ml dispersion) in 1.5 ml Eppendorf tubes. After 12 h of incubation the particles were used for transfection experiments. The particles were diluted (1:800) in phosphate-buffered saline (PBS) (pH 7.4) just before the transfections. Characterization of the coated SPIONs was done by transmission electron microscope and photon correlation spectroscopy. In addition, the transfection efficiency using commercially available nanoparticles, polyMAG Ò (Chemicell), with a mean size of 200-250 nm, was also determined.
Plasmid and PCR products
The pEGFP-C2 plasmid (Clontech) was propagated in Escherichia coli and endotoxin-free plasmid DNA was purified using an Endotoxin-free Maxiprep plasmid Kit (Qiagen).
PCR products from pEGFP-C2 plasmid (Clontech) were amplified using primers designed to include the 5 0 human CMV immediate early promoter and a 3 0 SV40 early mRNA polyadenylation signal, (forward primer, 3 0 -CCG TAT TAC CGC CAT GCA T-5 0 ; reverse primer, 3 0 -GCC GAT TTC GGC CTA TTG GT-5 0 ). The PCR products (1.6 kb) were purified using PCR purification Kit (Qiagen).
Cell cultures
HeLa (human cervix carcinoma cells), 293T and Cos7 (fibroblasts) cells were purchased from America Type Culture Collection (ATCC) and were grown in DMEM (Gibco-BRL), supplemented with 10% fetal calf serum (FCS; Gibco-BRL) and 1% penicillin/streptomycin. Primary ovine synovial membrane cells (synoviocytes) were harvested and prepared for cell culture as described previously (20, 21) . Briefly, synovial membranes of healthy sheep were collected under sterile conditions from the stifle joints immediately after slaughtering. Subsequently, the synoviocytes were isolated in a digestion chamber at 37 C, using trypsin and collagenase under constant stirring, washed by centrifugation and re-suspended in Nutrient Mixture F-12 (HAM) medium with L-Glutamine, supplemented with 10% FCS and 1% penicillin/streptomycin (22) . Cells were grown at 37 C in a water saturated atmosphere and 5% CO 2 .
Transfection with plasmid DNA and exposure to permanent magnetic field
The transfection procedure (10) was optimized and 0.3-0.5 · 10 6 cells were seeded in 6-well plates, one day before transfection to obtain 80-90% confluence. All incubations were done at 37 C in a water saturated atmosphere and 5% CO 2 . Before transfection, the medium was removed and the cells washed once with PBS (pH 7.4) before addition of 2 ml serum-free medium.
The DNA was diluted in autoclaved distilled water to get a final concentration of 25 and 50 mg/ml, for polyMAG and SPIONs transfections, respectively. Hundred microliters of 25 mg/ml DNA solution was aliquoted into eppendorf tubes and an equal volume (100 ml) of polyMAG diluted with PBS (1:50), was added. SPIONs (100 ml) diluted 1:800 in PBS were added to 100 ml aliquots of 50 mg/ml DNA solution. The samples were prepared in triplicates. The DNA/particle mixture was gently pipetted up and down about five times and incubated at room temperature for 30 min, before the 200 ml mixture was added to each well. After mixing, unless otherwise stated, the cell culture plates were placed on a neodymium-iron-boron (NdFeB) permanent magnet (B r ¼ 1.1 T, Maurer Magnets, Switzerland) for 20 min. The cells were at a distance of 2 mm from the magnet surface, which leads to a magnetic flux density of 250 mT and a magnetic field gradient perpendicular to the well plate of 10 T/m in the area of the cells for 20 min. After a further incubation of 4 h, medium was removed and new medium containing 10% FCS was added.
Concurrently, transfection was done using 20% (w/w) PEI, which was diluted 1:1000 in PBS and aliquots of 100 ml were added to an equal volume of DNA (100 mg/ml). After mixing and incubation for 30 min at room temperature, the mixture (200 ml) was added to each well. After 20 min incubation, the medium was replaced with new medium containing 10% FCS. 2.5 mg DNA/well was complexed to the lipofectamine and transfection done according to the manufacturer's protocol (Invitrogen). An aliquot of 10 mg DNA/well was used for a routine calcium phosphate transfection (23) . As controls, PBS was added as a sham solution instead of the polymer or the particles. To determine if short exposure to magnetic field would influence transfection efficiency, the above transfection methods were used; however, medium was replaced 5 min after each transfection protocol.
Application of pulsating magnetic field
Transfection was done as stated above with the exception that a pulsating magnetic field was applied for 5 min before or after placing the cells on a static magnetic plates for 5 min. The pulsating field was generated using the dynamic magnetic field generator 'Dynamic Marker' developed by Stetter-Elektronik, Seeheim-Jugenheim, Germany. The applicator was modified in order to accommodate the entire 6-well plate within the magnetic field. More details regarding the equipment can be found on the company's website http://www.feldkraft.de.
For these investigations, a stationary wave of sinus type was applied with a maximum amplitude of 27 mT and a field gradient of 10 T/m perpendicular to the well plate. As a control, cells were either exposed to the pulsating magnetic field only for 5 min, or placed only on static magnetic plates for 5 min, or exposed to neither of these for 5 min. The medium was subsequently removed and replaced with new medium containing 10% FCS.
Determination of green fluorescent protein (GFP) expression and viability by microscopy and flow cytometry
After 24 h of incubation, the medium was discarded and replaced with PBS, 20 mg/ml propidium iodide (PI) was added and cells were subsequently incubated at 37 C for 30 min. Transfected cells expressing GFP and red non-viable cells stained with PI were detected using a Leica fluorescence microscope. Cells were harvested by trypsinization, washed twice with PBS, and at least 10 000 cells were acquired using Beckman Coulter FC500 cytometer and analyzed using a CXP analysis software.
RESULTS
Increased transfection of EGFP plasmid in presence of a static magnetic field
Cells were transfected as stated above with either DNA/ polyMAG or DNA/SPIONs complexes, or DNA/PEI polyplexes. Exposure to a permanent (static) magnetic field for 20 min followed by a 4 h incubation, resulted in transfections rates of 71.0 ± 7.3% and 73.2 ± 10.9% in 293T cells treated with DNA/polyMAG and DNA/SPIONs complexes, respectively ( Figure 1A ). In contrast, in cells not exposed to magnetic field, the rates were significantly lower, corresponding to 17.7 ± 2.0% and 13.7 ± 1.1%, respectively. In cells treated with DNA/PEI polyplexes, medium was replaced after 20 min of incubation, since longer incubation period resulted in high toxicity. The transfection rate of 28.5 ± 9.2% was obtained. Presence of a magnetic field did not influence the transfection efficiency ( Figure 1A) .
When 293T cells were transfected with DNA/polyMAG or plasmid/SPIONs complexes and exposed to a static magnetic field for 5 min before the medium was changed, the transfection rates were significantly enhanced over those of the conventional transfection methods ( Figure 1B ). The transfection rates were 1.5 fold higher, using the larger poly-MAG nanoparticles than with the smaller SPIONs. Similarly, significantly higher transfection rates with nanoparticles were also obtained with synoviocytes within 5 min of exposure to a magnetic field ( Figure 1C) , and with Cos7 and HeLa cells (data not shown). perpendicular to the 6-well plate. The magnetic field strength in z-direction M z (Figure 2A ) was modulated so that two maxima with a distance of 3 cm in x-directions occurred. The component of the magnetic field strength in x-direction M x showed the same modulation. Since the magnetic field was generated by electromagnets, the applied frequency of the field corresponded to the frequency of the applied current of the coils, in our case 50 Hz. In addition to this oscillation, an oscillation of the entire magnetic field in x-direction was generated. This oscillation in x-direction had a frequency of 0.75 Hz with amplitude 1. This dynamic magnetic field forced the particles to oscillate perpendicular and parallel to the surface of the well with a frequency of 50 and 0.75 Hz, respectively. The movement is schematically shown in Figure 2B . Additional rotational movements of the particles could not be excluded. A gradual temperature increase from 37 to 42. 5 C was recorded on the surface of the generator during the 5 min pulse application.
Exposure of 293T cells, transfected with DNA/polyMAG or DNA/SPIONs complexes, to static magnetic field alone for 5 min increased the transfection rates by 12-and 10-fold, respectively ( Figure 3A and B) . In HeLa, Cos7 cells and synoviocytes transfected with DNA/SPIONs, the increase was 10-, 7-and 10-fold, respectively, when compared with cells not exposed to any magnetic field ( Figure 3C-E) . Application of a pulsating magnetic field alone for 5 min resulted in 4-and 5-fold increase in transfection in 293T cells treated with DNA/ polyMAG and DNA/SPIONs, respectively ( Figure 3A and B) , while in HeLa, Cos7 cells and synoviocytes, the increase was 3-, 4-and 8-fold, respectively ( Figure 3C-E) . The effect of the pulsating field on other transfection methods was also determined. In 293T cells transfected with PEI/DNA polyplexes, this increase was insignificant, while in cells transfected with lipofectamine and calcium phosphate, the increase was placed under the 6-well plate; the distance between the surface of the generator and the cells is 2 mm. The 6-well plate is placed in the x, y plane. The z-direction is perpendicular to the plate. The applied magnetic field strength is described in its three main directions x, y and z, as indicated in the figure, whereas the field strength in x-direction is called M x , the field strength in y-direction (perpendicular to the plane of the figure) M y , and the field strength z perpendicular to the 6-well plate M z . M z and M x are sinusoidal in x-direction, whereas M y is homogeneous and very low (data not shown). Additionally, the magnetic field is alternating with a frequency of 0.75 Hz between two extreme positions in the x-direction. The magnetic field strength distribution for these two extreme positions is shown in the figure (M z and M 0 z ; M x and M 0 x ). (B) Schematic illustration of the cell/particle interaction within the pulsating magnetic field. was 1.8-and 1.6-fold, respectively, when compared with cells not exposed to a magnetic field (data not shown).
Application of a pulsating magnetic field to cells already exposed to a static field, resulted in 2-fold increase on average of the transfection rates, over cells exposed only to the static field ( Figure 3A-E) . This corresponded to 20-fold increase in transfection efficiency over cells not exposed to any magnetic field. Exposure to a static magnetic field after application of the pulsating field increased the transfections 1.4-fold, when compared to that obtained in presence of a static magnetic field alone (data not shown).
The duration of the exposure to static magnetic field was increased from 5 to 20 min before the application of the pulsating field. In 293T cells treated with larger polyMAG, the transfection efficiency increased 1.5-fold, from 54.7 ± 2.8 to 82.2 ± 2.8%, corresponding to a 40-fold increase, when compared to cells not exposed to a magnetic field. This was the highest transfection rate achieved in these cells and it surpassed the efficiency achieved after routine magnetofection of 20 min exposure to permanent magnetic field, followed by 4 h incubation, before medium was replaced ( Figure 1A) . With smaller SPIONs, the increase was 1.2-fold, from 39.9 ± 3.6 to 47.8 ± 0.9% ( Figure 4A compared to cells exposed to a static field for 5 min before the application of the pulsating field ( Figure 4B ).
Magnetic field enhances transfection with EGFP PCR products
To determine if enhanced transfection efficiency by magnetic field was not limited only to plasmid vectors, shorter DNA fragments (1.6 kb), PCR products of amplified EGFP gene were used for transfections. The 293T cells were treated with either PCR-DNA/polyMAG or PCR-DNA/SPIONs and placed on static magnet for 20 min. Medium was replaced after 4 h incubation. Concurrently cells were routinely transfected using conventional methods. In cells transfected with PCR-DNA/polyMAG and PCR-DNA/SPIONs complexes, the transfection rates were 48.4 ± 4.8 and 44.8 ± 1.5%, respectively. Significantly lower rates of 16.6 ± 2.7, 5.5 ± 1.5 and 14.0 ± 2.1% resulted from transfection with PEI, lipofectamine and calcium phosphate, respectively ( Figure 5A ). The GFP expression and protein distribution within cells transfected with PCR products was similar to cells transfected with the plasmid (data not shown).
The effect of pulsating magnetic field on transfection efficiency of PCR products was also determined. The 293T cells and synoviocytes treated with PCR-DNA/polyMAG were exposed to both static and pulsating magnetic field for 5 min as stated above. Exposure to the static magnetic field alone resulted in a 3-fold increase of the transfection efficiency in 293T, when compared to control cells not exposed to magnet. This efficiency was further enhanced by 1.7-fold after the application of the pulsating magnetic field ( Figure 5B ). This was six times higher than in cells not exposed to a magnetic field. Enhanced transfection efficiency was also obtained in synoviocytes ( Figure 5C ). As observed with the plasmid, the application of pulsating magnetic field on its own or its use before the exposure to a static field, increased the transfection; however, the rates were lower than when static field exposure was followed by application of a pulsating magnetic field ( Figure 5B and C and data not shown).
DISCUSSION
We have enhanced non-viral gene delivery by using a novel technique of combining the application a pulsating magnetic field to a static field. The presence of the static magnetic field for 5 min was adequate enough to significantly increase the transfection efficiency over that obtained with standard transfection methods. This is consistent with results from previous studies, which showed that use of static magnet (magnetofection) enhanced the transfection efficiency (8) (9) (10) (24) (25) (26) .
The application of a pulsating magnetic field proved to be a powerful tool for the enhancement of gene delivery. This was most obvious in cells treated with larger DNA/polyMAG and exposed for 20 min to a static magnetic field prior to the application of the pulsating field. The highest transfection efficiency was achieved, which surpassed that of routine magnetofection, which required at least 4 h incubation, and that with conventional non-viral transfection methods. The combined effect of the pulsating and static magnetic fields eliminated the necessity of longer incubation for effective gene delivery, and the enhancement was evident within 5 min after the sedimentation of the particles on the cells by a static magnet. This efficiency was attributed to the horizontal, perpendicular and additional oscillating movements of the particles within the pulsating magnetic field on the surface of the cells. These movements seemed to enhance the translocation of the particles across the cell membrane.
Although the temperature increase on the surface of the magnetic pulse generator could also have contributed to enhanced transfection as reported previously (27) , it should be noted however, that this increase was most significant in cells transfected with superparamagnetic particles and thus can be attributed to nanoparticle properties in the presence of the pulsating magnetic field. The alternating magnetic field, used in our study, was at lower frequencies and thus any possibility that the superparamagnetic particles are producing heat when exposed to higher frequencies (28) can be ruled out. The higher transfection efficiencies with polyMAG particles after 5 min in a magnetic field was attributed to their size (200-250 nm), since they required less time to sediment on the cells. This was consistent with earlier observations that larger particles faster sedimentated on the cells (8, 9, 29, 30) and this resulted in higher cellular uptake. In contrast, the 50 nm SPIONs had a 10 times lower velocity in z-direction, when compared to the polyMAG particles, since transport velocity in the magnetic field gradient is dependent on the amount of magnetic material and the hydrodynamic radius, including attached DNA (Equation 1).
where u mag represents the velocity of the particle in a magnetic field gradient; V mag , the volume of magnetically active material; M, magnetic field strengths; dB/dz, gradient of the magnetic flux density in z-direction; h, viscosity of the cell medium and r hydr , hydrodynamic radius of the particle. The content of magnetic material in the SPIONs was nevertheless high enough, allowing them to have high and similar transfection efficiency as the larger particles, after longer incubation of 4 h. Time dependency of transfection efficiency on magnetic field was also shown previously in measles virus gene delivery (26) . The pulsating magnetic field also enhanced the transfection efficiency of the 50 nm SPIONs, after shorter incubation period. This observation is beneficial for future studies, since preliminary work done by our group has shown that the smaller nanoparticles are better tolerated in vivo than the larger ones, after intraarticular application.
The transfection rates in synoviocytes was higher than in other cells and we attributed this to their macrophage-like characteristics (31) (32) (33) . This was also shown in a previous study by our group, where >80% of the synoviocytes took up SPIONs within 24 h (20) .
Our study exploited the superior DNA binding properties of SPIONs, for transfection of PCR products whose sequence included only the gene of interest, 5 0 human CMV immediate early promoter and 3 0 SV40 early mRNA polyadenylation signal, thus eliminating the requirement of biotinstreptavidin binding (18) . The transfection efficiencies of PCR products were slightly lower than plasmid, consistent with earlier observation (18, 34) . This could be due to PEI's preference to complex supercoiled DNA rather than linearized DNA (35) or presence of free DNA ends, which are more prone to exonuclease-mediated DNA degradation. Nevertheless, our results clearly showed that the PCR products are effective gene vectors on their own and the application of pulsating magnetic field enhanced their efficacy. This is a step forward towards safer clinical gene therapy. Transfection rates achieved using polyMAG and SPIONs particles were significantly higher than those with conventional methods, indicating that the complexation of DNA to SPIONs protects against cleavage by nucleases a feature, which PEI was reported previously to possess (4-6).
Our study shows for the first time that use of magnets also enhances the transfection of PCR products, which would be more suited for clinical gene therapy. The application of a pulsating magnetic field proved to be a powerful tool for the enhancement of gene delivery, already within 5 min after exposure to magnetic field. This technique proved to be an efficient tool for future in vivo gene delivery studies, where rapid gene delivery is required before systemic clearance or filtration of the gene vectors occurs.
